Purpose Activity of acromegaly is gauged by levels of GH and IGF-1 and epidemiological studies demonstrate that their normalization reduces acromegaly's excess mortality rate. However, few data are available linking IGF-1 levels to features of the disease that may relate to cardiovascular (CV) risk. Therefore, we tested the hypothesis that serum IGF-1 levels relative to the upper normal limit relate to insulin sensitivity, serum CV risk markers and body composition in acromegaly. Methods In this prospective, cross-sectional study conducted at a pituitary tumor referral center we studied 138 adult acromegaly patients, newly diagnosed and previously treated surgically, with fasting and post-oral glucose levels of endocrine and CV risk markers and body composition assessed by DXA. Results Active acromegaly is associated with lower insulin sensitivity, body fat and CRP levels than acromegaly in remission. %ULN IGF-1 strongly predicts insulin sensitivity, better than GH and this persists after adjustment for body fat and lean tissue mass. %ULN IGF-1 also relates inversely to CRP levels and fat mass, positively to lean tissue and skeletal muscle estimated (SM E ) by DXA, but not to blood pressure, lipids, BMI or waist circumference. Gender interacts with the IGF-1-lean tissue mass relationship. Conclusions Active acromegaly presents a unique combination of features associated with CV risk, reduced insulin sensitivity yet lower body fat and lower levels of some serum CV risk markers, a pattern that is reversed in remission. %ULN IGF-1 levels strongly predict these features. Given the known increased CV risk of active acromegaly, these findings suggest that of these factors insulin resistance is most strongly related to disease activity and potentially to the increased CV risk of active acromegaly.
Introduction
The evaluation and treatment of acromegaly are directed by measurement of GH and IGF-1 levels, the disease's biochemical markers. Treatment aims to normalize IGF-1 levels and lower GH levels below a certain cut off since achieving these goals is associated with reducing the excess mortality of acromegaly [1, 2] . The leading cause of death in acromegaly is reported to be cardiovascular disease, which may result from the high prevalence of structural heart disease, hypertension, diabetes mellitus or insulin resistance in acromegaly [3, 4] . The presence of comorbidities, including heart disease and disorders of glucose metabolism, increases mortality rates in acromegaly [5] , but how disease activity assessed by IGF-1 level, in particular, relates to control of these co-morbidities is incompletely understood. In a prior study [6] , we found serum IGF-1 levels, when measured with a now unavailable IGF-1 radio-immunoassay, correlated better than GH with insulin sensitivity in acromegaly patients. Using currently available GH and IGF-1 assays, this study extends these findings to examine, in a large cohort of acromegaly patients, the relationships of disease activity biomarkers to body composition, both fat and lean tissues, insulin sensitivity and other markers of CV risk. We also examine how gender and hypogonadism influence these relationships. We aimed to test our hypothesis that IGF-1 levels across the normal to elevated spectrum predict clinical endpoints for acromegaly therapy that may contribute to the increased CV risk of acromegaly and to the reduction of this risk as acromegaly is treated.
Subjects and methods

Study subjects
Newly diagnosed and previously surgically treated acromegaly patients were studied. Acromegaly was diagnosed by IGF-1 level above the age-adjusted normal range, nadir GH after oral glucose [1 lg/L, clinical characteristics of acromegaly and if prior surgery, pathological confirmation of a GH secreting pituitary tumor. From a cohort of 165 consecutively studied subjects, we excluded from this analysis those with diabetes mellitus (n = 11), those on acromegaly medications at the time of the visit or within the 3 months prior [long acting somatostatin analog (n = 10), pegvisomant (n = 2), somatostatin analog and pegvisomant (n = 1)], women on oral contraceptives (n = 2) and gastric bypass surgery (n = 1). In the final study group were 138 subjects (77 males, 61 females) of whom 40 were newly diagnosed, 90 had prior pituitary surgery, 7 surgery and radiotherapy and 1 RT only. Subjects with prior surgery were studied C6 months postoperatively and those previously treated with medication were studied C3 months after last administration. On pituitary function assessments 13 patients (9 remission, 4 active disease) had hypopituitarism other than hypogonadism (Tables 1, 2 ). 84 subjects were eugonadal (including 8 men on testosterone and 1 woman on estrogen/ progesterone replacement) and 54 were hypogonadal (including 27 post-menopausal women and 7 pre-menopausal women with secondary amenorrhea not on hormone replacement therapy and 20 men with low testosterone levels not on therapy). Ten subjects with hyperlipidemia on lipid lowering therapy at the visit were not included in lipid analyses. All were ambulatory with normal renal function and no liver disease.
Study design
In this prospective, cross-sectional study each subject had one visit that included a history, physical examination with anthropometrics (body weight, height, waist and hip circumferences), blood sampling after an overnight fast for IGF-I, GH, insulin, glucose, leptin, CRP and homocysteine and a 100-g oral glucose (OGTT) (Trutol 100*) with samples at 60, 90 and 120 min for GH, glucose and insulin. Samples were frozen at -80°C in multiple aliquots until assayed. Also measured were fasting total cholesterol, HDL, LDL, triglyceride (TG) (108 subjects) and lipoprotein (a) (100 subjects). 116 subjects also underwent whole body and regional body composition estimation by Dualenergy X-ray absorptiometry (DXA).
Biochemical measurements
GH, IGF-1, insulin and CRP were measured by chemiluminescent immunometric assay and homocysteine by competitive immunoassay IMMULITE Ò (Siemens). Functional sensitivity was for GH 0.05 lg/L, CRP 0.3 mg/L and homocysteine 0.5 lmol/L. IGF-I levels were compared to age-appropriate normal ranges. Glucose was measured by hexokinase method, leptin by human RIA kit (Millipore, Research, St. Charles, MO) and lipids as previously described [7] . Samples were run in duplicate.
Estimates of insulin sensitivity
Hepatic insulin sensitivity was estimated by homeostasis model assessment (HOMA) scores [8] and whole-body insulin sensitivity by a measure derived from the OGTT, the composite insulin sensitivity index (Comp ISI), which correlates highly with the rate for whole-body glucose disposal during the euglycemic insulin clamp [9] . Although we used a 100 g glucose limiting comparison of our index values to those in other studies, we were able to compare whole-body IS across our subject groups.
DXA
Whole and regional body composition were estimated by dual-energy X-ray absorptiometry (software version 11.4; GE Lunar Prodigy Advance, Madison WI) (DXA) as previously described [10] . Mass of lean tissue and fat for the whole body and specific regions was provided by the software. We calculated DXA estimated inter-muscular adipose tissue-free skeletal muscle (SM) mass (IMAT-free SM or SM E ) based on a prediction equation previously validated and found to agree highly with total body SM mass by MRI in a variety of patients, including acromegaly [7, 11] .
The study was approved by the Institutional Review Board of Columbia University Medical Center. All subjects gave written informed consent before participation. 
Statistical analysis
For analysis, IGF-1 levels were expressed as % of the upper limit of normal (%ULN) for the subject's age. Based on %ULN IGF-1, subjects were divided into a remission group (IGF-1 BULN) and an active group (IGF-1 [ULN). Four patients with Vitamin B12 deficiency were excluded from CRP and homocysteine analyses. Continuous variables were summarized by mean ± SD (standard deviation) and categorical variables by frequencies and percentages. For continuous variables, we used Mann-Whitney U test to test difference in two groups. For categorical variables, Chi square test was used to compare group difference. Association between two continuous variables was assessed by Spearman's correlation coefficient and simple linear regression analysis. Linear regression models were used to examine predictors of insulin sensitivity including IGF-1 or GH, age, gender, body composition parameters and to investigate predictors of body composition parameters, CRP and leptin levels. Multivariable linear regression models were built with predictors that were significant at 0.1 level in univariable linear regression models. p values \0.05 were considered statistically significant. Statistical analyses were performed using GraphPad Prism version 6.0 for Mac and SAS 9.3.
Results
Disease status of study subjects
Remission and active groups characteristics are shown in Table 1 and those of males and females within remission and active groups in Table 2 . Sixty-one subjects (44 %) (Table 2 ). Remission and active groups did not differ in time elapsed from surgery to the visit, proportions with prior radiotherapy, hypopituitarism or hypogonadism (Table 1) .
Relationship of disease activity to insulin sensitivity, body composition & CV risk markers
Insulin sensitivity
Disease status assessed by %ULN IGF-1 was the strongest predictor of insulin sensitivity. HOMA was higher and Comp ISI lower in active versus remission groups (Table 1) . HOMA correlated with %ULN IGF-1 (r = 0.396, p \ 0.00001) ( (Table 3) . Insulin sensitivity was related to fat mass; total body fat mass (and similarly trunk fat mass) correlated with HOMA and inversely with CompISI (Table 3) . Total body lean mass and skeletal muscle mass estimate by DXA (SM E ) correlated with HOMA and inversely with CompISI (Table 3 ). In univariable analysis age was also a significant predictor of insulin sensitivity, but gender, gonadal status and % body or trunk fat were not. In multivariable analysis, after accounting for age, GH levels (fasting and OGTT nadir) as well as mass of total body and trunk fat and SM E , only age and %ULN IGF-1 remained independent predictors of HOMA and only %ULN IGF-1 of Comp ISI (Table 4) .
Body composition
Body composition related significantly to disease status. Total body and trunk fat mass and % total body and trunk fat were lower in active disease (Table 1) . Lean tissue mass as well as SM E were higher in active disease overall and in men and women (Tables 1, 2). %ULN IGF-1, fasting and nadir GH correlated inversely with total body and trunk fat mass and % total and trunk fat (Table 3 ; Fig. 2 ). In univariable analysis, %ULN IGF-1 and GH were predictors of total body and trunk fat and gonadal status also of total body fat mass. However, in multivariable regression, only %ULN IGF-1 and gonadal status remained significant predictors of total body fat mass and only %ULN IGF-1 of trunk fat mass (Table 4) . In univariable analysis, %ULN IGF-1, GH, gender and gonadal status were predictors of % total body fat and % trunk fat, but in multivariable analysis only %ULN IGF-1 and gender remained significant predictors of % total body and % trunk fat ( Table 4 ). The slopes of the % body fat -%ULN IGF-1 relationship did not differ in males versus females (B = -0.04, SE = 0.02, p = 0.68) (Fig. 2) .
%ULN IGF-1 and fasting and nadir GH correlated with total body lean mass and SM E (Table 3) . In multivariable regression, age, gender and %ULN IGF-1 were significant predictors of lean mass and gender and %ULN IGF-1 of SM E (Table 4 ). In addition to expected gender differences in lean and SM E mass, higher in males in both active and remission groups (Table 2) , we found an interaction of gender with the relationship between total body lean mass and %ULN IGF-1 (B = 0.038, SE = 0.015, p = 0.012; Fig. 3 ). Thus, lean mass and somewhat SM E , increased more per percentage increase in IGF-1 in men than in women. BMI, WC and waist-hip did not correlate with %ULN IGF-1 (Fig. 4) .
Leptin levels were lower in active disease versus remission (Table 1) . Leptin levels were higher in women than men in both active and remission groups ( Table 2 ). There was a trend for leptin to correlate with %ULN IGF-1 ( Table 2) . Leptin correlated inversely with GH, more strongly in women than men and with total body and trunk fat mass as well as % body fat in men (Table 2 ). In multivariable analysis only gender and total body fat mass remained significant predictors of leptin levels (Table 4) .
Cardiovascular risk markers
CRP levels were lower in active disease versus remission (Table 1) . CRP correlated inversely with %ULN IGF-1 and GH (Table 3) . CRP was also strongly related to fat mass, correlating positively with total body and trunk fat mass, % total and trunk fat and waist circumference (Table 3 ). In univariable analysis there was a trend for gonadal status to also predict CRP levels (eugonadal vs. hypogonadal, B = -0.765, p = 0.067), but age and gender did not. In a multivariable regression model, after accounting for gonadal status and body composition, only %ULN IGF-1 remained as a significant predictor of CRP levels (Table 4) .
Homocysteine levels were lower in active versus remission groups (Table 1) Systolic (SBP) and diastolic (DBP) blood pressure did not differ in active and remission groups (Table 1) nor did these correlate with %ULN IGF-1 or GH levels. SBP correlated with age (r = 0.306, p = 0.0003) as did DBP (r = 0.204, p = 0.018). Lipid levels did not differ in active versus remission groups (Table 1) 
\0.0001
Multivariable regression models were built to examine outcome variables (left column) with predictors (top row) that were significant at 0.1 level in univariable linear regression models
Discussion
This study, the largest to assess body composition in acromegaly and to relate this to insulin sensitivity and cardiovascular risk markers, has found that acromegaly presents a unique combination of CV risk parameters; in active acromegaly insulin sensitivity is reduced yet body fat and CRP are lower and in remission this pattern is reversed. %ULN IGF-1 strongly predicts, and better than GH levels, these CV risk factors. IGF-1 levels remained the strongest predictor of insulin sensitivity after accounting for body fat. We also found an interaction between gender and lean tissue mass. Lean tissue mass increased more in males than females for the same increment in %ULN, suggesting a clinically relevant gender difference in the relationship of disease activity to body composition. This study confirms our prior findings [6] , which were confirmed by others [12] , that IGF-1 levels are a stronger predictor of insulin sensitivity than GH levels. The metabolic phenotype in acromegaly is that of GH's insulinantagonistic actions [13] [14] [15] [16] [17] . Although IGF-1's insulin sensitizing effect may partially offset those of GH, clinically, GH effects predominate with insulin resistance and disorders of glucose tolerance being common in patients with acromegaly. It is interesting, therefore, that IGF-1 levels, potentially reflecting the integrated degree of GH excess [17] are more predictive of the extent of impaired insulin sensitivity due to GH excess than GH levels themselves. We further these findings to show that IGF-1 levels remained the strongest predictor of insulin sensitivity after accounting for GH levels, age, body fat and skeletal muscle estimated by DXA. Thus, in acromegaly, the mechanisms responsible for impaired insulin sensitivity seem not to depend on the degree of adiposity in contrast to the strong relationship of increasing adipose tissue mass to insulin resistance in the general population [18] . As we have previously shown visceral adipose tissue mass is reduced below predicted levels in patients with active acromegaly yet adipose tissue deposition in muscle is increased [15] , potentially the latter is a greater contributor to insulin resistance in acromegaly than central adiposity. These relationships warrant further study. In our study, gender did not predict insulin sensitivity, but in another study metabolic syndrome was more prevalent in women than men with acromegaly [19] .
We found, as have others, that body and trunk fat are reduced in active acromegaly [20] [21] [22] . The reduced fat mass of acromegaly is explained by GH's modulation of fat metabolism and it's potent lipolytic effect [23] [24] [25] . We further these findings and show that %ULN IGF-1 is a negative predictor of fat mass and % fat and that % ULN IGF-1 levels are a stronger predictor than GH levels of body composition changes in acromegaly. By contrast, in another study of 60 subjects [20 on medical therapy], GH predicted fat mass better than IGF-1 [26] and in another IGF-1 levels did not correlate with fat mass determined by cross-sectional CT [27] . In our study, as in the general population, % body and trunk fat are higher in women than men with acromegaly, and after accounting for fat mass and other variables, gender along with %ULN IGF-1 remain significant predictors of % fat. However, increasing disease activity related similarly to decreasing % body fat in males as it did in females. One study suggested that with regard to adipose tissue mass males with acromegaly have greater changes than women [22] , but another found similar deviations from normal in men and women [28] . Hypogonadism may influence body fat changes in acromegaly. In one study, % body fat was higher in hypo-than eugonadal patients [29] . In our study, hypogonadism was a positive predictor of total body fat mass, but not of % body fat. GH deficiency in treated acromegaly can be associated with increased body fat [27] , in our study very few subjects had other hypopituitarism and none had sub-normal IGF-1 levels, which would be suggestive of GH deficiency.
We also investigated the relationship of lean tissue mass to disease activity in acromegaly and found lean tissue mass and SM E to be higher in active versus remission acromegaly and to strongly relate to the degree of IGF-1 elevation. Prior studies found elevated lean tissue mass in acromegaly that correlated with IGF-1 levels [27] , which is not surprising because DXA lean tissue estimates are influenced by the known increased tissue hydration of acromegaly [21] . Thus, DXA lean tissue changes may not necessarily parallel those of SM mass in acromegaly. We found SM E , which agrees highly with SM quantified by total body MRI [10, 11] , to be higher in active acromegaly and to relate to disease activity even after accounting for age and gender. This suggests that acromegaly increases SM mass, although we did not find this in a prior smaller study [10] and in other studies body cell mass (BCM) was not increased in acromegaly compared to controls [30] . We also found that as SM E rose, insulin sensitivity fell, which contrasts with a positive relationship between insulin sensitivity and SM mass in the general population [31] . Although rising SM mass and decreasing insulin sensitivity occurring together may be due to the independent relationships of these factors to increasingly active acromegaly, rising IMAT in active acromegaly [15] , which does vary positively with SM mass, could contribute to reducing insulin sensitivity.
We also found evidence of a gender difference in the relationship between increasing disease activity and increasing lean tissue mass in acromegaly since total body lean mass increased more per % increase in IGF-1 in men than women; SM E showed a trend for this difference. Prior studies found the expected gender differences in lean mass, greater BCM and extracellular water (ECW) per body weight in men [21] and we also found the expected higher lean and SM mass in men. A recent study found DXA lean tissue mass was greater in males with acromegaly compared to controls matched for gender and age, but not females [26] . However, height and weight are important determinants of mass of lean tissue and skeletal muscle and should be considered when comparing these parameters in acromegaly and control subjects. Lack of difference in females was attributed in this study to older age of the females [26] . In our study, our males and females were similar in age. Excess lean tissue in acromegaly reflects not only increases in ECW [20] , which correlates with GH and IGF-1 levels [20] , but also in soft tissues, and metabolically active tissues including skeletal muscle and organs [32, 33] . The apparent greater increase in lean tissues as IGF-1 increases in men does not seem to be due only to increases in SM since we found only a trend for an interaction of gender with SM E . Although it is known that females are less sensitive to GH effects with regard to IGF-1 production [34, 35] and in patients with acromegaly the GH/IGF-1 ratio is higher in women than men [36] , IGF-1 levels are generally similar in men and women as they were in our study. Therefore, anabolic effects of IGF-1 alone on skeletal muscle would not explain the gender difference we observed. Rather, a synergistic effect of androgen and IGF-1 on lean tissues and skeletal muscle in men may occur. In hypopituitary men, administration of GH and testosterone produced independent and additive effects to increase ECW as well as suppress protein oxidation and stimulate protein synthesis [37] [38] [39] . Additive effects of testosterone and IGF-1 could thus explain the apparently greater lean tissue increase to rising IGF-1 levels in men than women with acromegaly.
We found, as have others, lower leptin levels in active acromegaly [7, 40, 41] . Our data suggest that observed leptin changes are due primarily to fat mass changes, but are also influenced by leptin's known sexual dimorphism [7, 40, 42] ; in multivariate analysis, gender and fat mass remained significant predictors of leptin levels. In prior studies leptin correlated with fat mass [41] , but we found this highly significant only in men. Interestingly, leptin correlated with GH and not IGF-1, but in other studies leptin correlated with IGF-1 [41] and neither GH nor IGF-1 [43] . The determinants of serum leptin levels in acromegaly and the relationship of body composition and disease activity to leptin levels are complex and require further study.
In our study, BMI, WC and waist/hip ratio did not correlate strongly with %ULN IGF-1, suggesting that these measures which perform well to predict body composition in normal populations, cannot be used to assess body composition changes relating to disease activity in acromegaly.
We found serum CV risk markers to relate inversely to disease activity, CRP most strongly to %ULN IGF-1 and homocysteine to GH. CRP levels are lower in active than controlled acromegaly [44, 45] and rise as acromegaly is treated [7] . The cause of the reciprocal relationship between CRP and acromegaly disease status is unclear. CRP may be reduced in active acromegaly because GH suppresses the hepatic acute-phase response of CRP through cross-talk of cytokine signalling or through reduced fat mass production of IL-6, a stimulator of CRP [46, 47] . In our study, fat mass was very significantly related to CRP, but %ULN IGF-1 remained significant after adjusting for fat mass suggesting a role for disease activity beyond fat mass changes to CRP changes in acromegaly. Although we have show prospectively that successful surgical therapy lowers SBP, DBP, triglyceride and lipoprotein a levels and raises HDL [7] , we did not detect differences in these other CV risk markers in active vs. remission groups in this cross-sectional study. Possibly, older age of our remission group or the less robust cross-sectional design obscured the differences.
Our study has certain limitations. Its' cross sectional design limits our ability to determine causality in our associations. We also limited our study to patients not receiving medical therapy, which can alter GH/IGF-1 relationships and might have altered study results [48] . Our findings do therefore require reassessment in medical therapy specific groups. Additional studies are needed in patients with diabetes mellitus since our study excluded them as well as in patients with pre-diabetes since the rate of this was also too low to examine this subgroup separately in our study. Additional studies are also needed in patients with hypopituitarism other than hypogonadism since the rate of this was too low in our cohort to examine this group separately.
In conclusion, acromegaly presents a pattern of CV risk markers opposite to that seen in the general population, lower insulin sensitivity along with lower fat mass and serum CV risk markers in active disease and the opposite pattern in remission. These factors strongly relate to disease activity measured by %ULN IGF-1. Since active acromegaly is associated with increased CV risk, our results suggest that reduced insulin sensitivity, of the factors we studied, could be the more significant contributor to this increased risk. Although we did not see changes in blood pressure or lipids related to disease activity in this study, these improve in patients evaluated prospectively and are likely significant contributors to the increased CV risk of acromegaly. The relative contributions of CV risk factors to outcome in acromegaly warrants further study. We also provide novel data that gender interacts with the relationship of disease activity to components of lean tissue mass. Further investigation into the nature of this gender difference and its response to acromegaly treatment is warranted. This study, the largest to examine body composition in acromegaly and its relationship to disease activity, metabolic and clinical markers finds IGF-1 levels across the normal to elevated spectrum to be important predictors of features relevant to cardiovascular risk in active and treated acromegaly patients.
